Introduction
Plant oil is an important renewable resource for human dietary consumption and industrial uses (Durrett et al., 2008; John et al., 2008) . According to the increasing demand for vegetable oil production, metabolic pathway engineering in oil seed crops is burgeoning to produce a desirable oil quality or composition.
The main storage lipids in plants are triacylglycerols (TAGs). Two types of metabolic pathways for the production of TAGs have been found, an acyl-CoA-dependent pathway (Kennedy pathway) and an acyl-CoA-independent pathway. In the Kennedy pathway, TAG synthesis uses acylCoA as acyl donor and diacylglycerol (DAG) as acceptor. The process begins with sn-glycerol-3-phosphate (G3P), which is fi rst catalyzed by the glycerol-3-phosphate acyltransferase (GPAT; EC 2.3.1.15), followed by a second acylation step catalyzed by the acyl-CoA:lysophosphatidate acyltransferase (LPAT; EC 2.3.1.51). The phosphatidic acid obtained is then dephosphorylated by the phosphatidate phosphatase (PAP; EC 3.1.3.4) to generate DAG. In the fi nal step acylCoA:diacylglycerol acyltransferase (DGAT; EC 2.3.1.20) uses DAG as substrate to produce TAG (Kennedy, 1961; Anders et al., 2000; Coleman and Lee, 2004) ; it is the only enzyme exclusively committed to TAG biosynthesis using acyl-CoA as acyl donor in the Kennedy pathway. DGAT also has roles in leaf senescence and germination (Kaup et al., 2002; He et al., 2006) , while in the acyl-CoA-independent pathway the TAG synthesis reaction uses phospholipids as acyl donors and DAG as acceptor; it is catalyzed by the enzyme phospholipid:diaylglycerol acyltransferase (PDAT; EC 2.3.1.158) and DAG/DAG trans acylase (DGTA ) (Anders et al., 2000; Stobart et al., 1997) . But both PDAT and DGTA do not seem quantitatively important in TAG biosynthesis in plants by mutants (Mhaske et al., 2005; Routaboul et al., 1999) , overexpression (Stahl et al., 2004) and meta bolic control analysis (Ramli et al., 2005) .
Three families of DGAT genes have been identifi ed in plants, fungi, and mammals. The fi rst DGAT gene was cloned from mouse ( Cases et al., 1998) and is a member of the DGAT1 gene family, which is closely related to the acyl- A full-length cDNA encoding a putative diacylglycerol acyltransferase (DGAT; EC 2.3.1.20) was obtained from sunfl ower (Helianthus annuus L.) seeds. The 1524-bp open reading frame of this cDNA, designated as HaDGAT1, encodes a protein of 507 amino acids with a molecular mass of 58.5 kDa showing high homology to DGAT1 enzymes of other plants. The protein characters, such as a predicted structure with a long N-terminal hydrophilic domain followed by 9 transmembrane domains, acyl-CoA-binding signature, diacylglycerol (DAG)-binding and putative endoplasmic reticulum retrieval motifs (ER-DIR), also indicated that HaDGAT belongs to the DGAT1 family. HaDGAT1 is expressed in all plant tissues especially in developing seeds. Expression of recombinant HaDGAT1 in yeast showed an 1.76-fold increase of total fatty acids, especially unsaturated fatty acids such as palmitoleic acid (enhanced by 86.6%) and oleic acid (enhanced by 81.6%).
CoA:cholesterol acyltransferase (ACAT) enzyme. Subsequently, homologous DGAT1 genes were cloned and characterized from Arabidopsis (Hobbs et al., 1999) and other plants (BouvierNave et al., 2000; Nykiforuk et al., 2002; He et al., 2004; Milcamps et al., 2005; Wang et al., 2006; Mañas-Fernández et al., 2009) . The second family of DGAT genes (DGAT2) has been identifi ed in different plant species (Kroon et al., 2006; Shockey et al., 2006) , after being fi rst cloned from Mortierella ramanniana (Lardizabal et al., 2001) . Although the DGAT1 and DGAT2 gene families exhibit no signifi cant amino acid sequence homologies to each other and are quite distinctive, they all encode membrane-bound proteins that catalyze the committed step in TAG biosynthesis (Shockey et al., 2006) . Most recently, a new DGAT gene encoding a soluble cytosolic enzyme was isolated from developing peanut (Arachis hypogaes) cotyledons (Saha et al., 2006) , which is not related to the DGAT1 or DGAT2 gene families described above. This protein is closely related to bacterial bifunctional wax ester/DGAT, thus representing the type 3 family of DGAT (DGAT3), and it is possible that the DGAT3 could also be involved in TAG biosynthesis and wax ester synthesis in oil seeds.
Experimental evidence suggests that DGAT1 and DGAT2 are the major isoenzymes acting in the synthesis of TAG in seed plants (Hobbs et al., 1999; Shockey et al., 2006) . The important role of DGAT1 in TAG synthesis in seeds has been well documented in Arabidopsis thaliana (Katavic et al., 1995; Routaboul et al., 1999; Zou et al., 1999; Lu et al., 2003; Jako et al., 2001) . Seed-specifi c overexpression of Arabidopsis DGAT1 cDNA enhances the seed oil content and seed weight (Jako et al., 2001) , while silencing of DGAT1 in tobacco causes a reduction in seed oil content (Zhang et al., 2005) . A study of castor bean (Ricinus communis) showed that the DGAT1 activity pattern matches in time with that of TAG accumulation (Chen et al., 2007) . Another study on castor bean suggested that DGAT2 was the main enzyme for TAG synthesis in seeds (Kroon et al., 2006) . But expression of Vernicia fordii DGAT1 in yeast was more effi cient in producing TAG than that transformed with DGAT2, and DGAT2 may play a more important role in channelling unusual fatty acids into seed storage oils (Shockey et al., 2006) . Moreover, unsuccessful search for DGAT2 in Tropaeolum majus suggested that DGAT1 may be the sole DGAT in this plant species (Xu et al., 2008) . Such results show that both DGAT1 and DGAT2 may play distinct roles in different tissues and plant species (Shockey et al., 2006; Chen et al., 2007) , and further functions of DGAT enzymes in triacylglycerol synthesis in higher plants still have to be established.
In the present paper, we show the cloning, charactarization, and heterologous expression analysis in a yeast system of a DGAT1 gene from sunfl ower (Helianthus annuus L.) and demonstrate that overexpression of sunfl ower DGAT1 gene in yeast results in yeast oil deposition.
Material and Methods

Biological materials
Sunfl ower (Helianthus annuus L.) hybrid line XKH5 (Shihezi, Xinjiang, China) was used in this work. Seeds were collected from plants located in their natural habitat. Plants were cultivated in growth chambers at 20/10 °C (day/night), with a 16-h photoperiod and a photon fl ux density of 300 μmol m −2 s −1
. The different tissues and seeds at various stages of development were harvested, the seed coats were removed, and embryos were frozen in liquid nitrogen and stored at -80 °C for RNA extraction.
The yeast Saccharomyces cerevisiae, strain INVSc1 (genotype, MATa/a his3Δ1 leu2 trp1-289, ura3-52, Invitrogen, Shanghai, China) was used to assay the function of HaDGAT1 by heterologous expression.
Total RNA extraction
Approx. 0.5 g of developing sunfl ower seeds, 15 d after fl owering, were ground in liquid nitrogen with a precooled sterile mortar and pestle. RNA was extracted by RNAprep plant RNA isolation kit (Tiangen, Beijing, China). The RNA samples were stored at -80 °C prior to rapid amplifi cation of cDNA ends (RACE) and reverse transcription-polymerase chain reaction (RT-PCR) analyses after removal of DNA.
Cloning of Helianthus annuus L. DGAT1 full-length cDNA
First-strand cDNA was synthesized using the fi rst-strand cDNA synthesis kit (Takara, Dalian, China). A cDNA fragment was amplifi ed using the degenerated oligonucleotide primers SL1 (5'-GGAGAGYCCGCTYAGCTCYGA-3' ) and SL2 (5'-CATCCAYTTTGRACAGGC-3') designed based on the conserved regions of plant DGAT1 from Arabidopsis thaliana (GenBank accession No. NP179535), Vernicia fordii (GenBank accession No. ABC94471), Nicotiana tabacum (GenBank accession No. AF129003), and Ricinus communis (GenBank accession No. AAR11479). RT-PCR reactions generated an internal 920-bp cDNA fragment exhibiting high homology to plant DGAT1. With gene-specifi c primers designed on the basis of the obtained 920-bp fragment, 3'-and 5'-RACE generated the cDNA ends, using SMARTer™ RACE cDNA amplification kit (Clontech, Inc., Palo Alto, CA, USA). Briefl y, fi rst-strand cDNA for RACE reactions was reverse-transcribed from 1 μg RNA extracted from sunfl ower developing seeds using the SMARTer II oligonucleotide and 5'-or 3'-RACE cDNA synthesis primer provided with the kit. The 5'-and 3'-RACE were performed by nested PCR amplifi cation. The specifi c primers of sunfl ower DGAT1 were designed as follows: RGSP1 (5'-GAGCAGAAGAGAGAGGCAGCACAT-TA-3'), RNGSP1 (5'-TGAGCCTACTATTTA-CAGCAACAAGC-3'), RGSP2 (5'-TTGCTC-CTACTTTGTGTTACCAGA-3'), and RNGSP2 (5'-CTGGAGACTTTGGAATATGCCTGT-3'). The 5'-RACE amplifi cation was performed in 50 μl of fi nal volume using 2.5 μl of 1/100 diluted 5'-RACE-ready cDNA template, 1 μl RGSP1 (10 μM), 5 μl Universal Primer Mix (10x), and Advantage 2 Polymerase Mix (Clontech). The 3'-RACE amplifi cation was performed similarly by using 3'-RACE-ready cDNA and RGSP2. PCR was conducted as follows: fi ve cycles of 94 °C for 30 s and 72 °C for 3 min, followed by fi ve cycles of 94 °C for 30 s, 70 °C for 30 s, 72 °C for 3 min, and ending with 30 cycles of 94 °C for 30 s, 65 °C for 30 s, and 72 °C for 3 min. The nested PCR was used with gene-specifi c primers RNGSP1 for 5'-RACE products, and RNGSP2 for 3'-RACE products, respectively. The positive DNA fragments were subcloned into the pMD19-T vector (Takara) for sequencing using an ABI 3730 DNA analyzer (Perkin-Elmer Applied Biosystems, Foster City, CA, USA) at Invitrogen Corporation.
Semi-quantitative RT-PCR
A semi-quantitative RT-PCR method was used to evaluate HaDGAT1 mRNA levels. Total RNA was extracted from young roots, stems, young leaves, fl owers, and developing seeds at an early age, middle and late developmental stages, using RNAprep plant RNA isolation kit (Tiangen). 1 μg of total RNA from different tissues was used to synthesize the fi rst-strand cDNA. A pair of specifi c primers for HaDGAT1 cDNA were designed to amplify the target cDNA at approx. 730 bp. The primers were SL51 (5'-ATT-GAGAATCTGATGAAGTATGG-3') and SL52 (5'-CGAAGAAGCTCAGCAAGTATATT-3'). Sunfl ower 18S rRNA gene (GenBank accession No. AF107577) was used as an internal control with the primers SL7 (5'-CTACCACATCCAA-GGAAGGCAG-3') and SL8 (5'-CGACAGAA-GGGACGAGTAAACC-3'). PCR was conducted as follows: 95 °C for 3 min, then 35 cycles at 95 °C for 30 s, 53 °C for 30 s, and 72 °C for 1 min, followed by 72 °C for 10 min. PCR products were electrophoresed using 1% agarose gel.
Yeast vector construction and transformation
The ORF-encoding HaDGAT1 gene was amplifi ed by PCR with primers specifi c to BamHI (5'-CGCGGATCCATGGCGTTATTAGATC-CGCCT-3') and Xhol (5'-CCGCTCGAGTCAC-TTGCCATTATTCACCT-3') sites. The fragment was subcloned into the yeast expression vector pYES2.0 (Invitrogen, Carlsbad, CA, USA) to obtain the recombinant plasmid pYE-HaD1, and was transformed into the yeast Saccharomyces cerevisiae, strain INVSc1, with S. c. EasyComp TM transformation kit (Invitrogen). An empty pYES2.0 vector was transformed into yeast as a negative control. The yeast transformants were selected and cultured by plating on SC-Ura selective medium [0.2% (w/v) yeast synthetic dropout medium without uracil (Sigma, Ronkonkoma, NY, USA), 0.17% yeast nitrogen base without amino acids and ammonium sulfate (Sigma), 0.5% (NH 4 ) 2 SO 4 , 2% glucose, and 2% agar] at 30 °C for 3 d. Subsequently, the recombinant protein was induced with SC-Ura medium supplemented with the auxotrophic requirement of the strain plus 1% (w/v) raffi nose, and expression was further induced on a 0.4-OD 600 culture by the addition of 2% (w/v) galactose (Mañas-Fernández et al., 2009) . Incubation under inductive conditions was prolonged for 48 h at the same temperature. Yeast cells were harvested and stored at -25 °C until processed for fatty acid analysis.
Fatty acids analysis
Total fatty acids of yeast cells were extracted and transmethylated as described by Tonon et al. (2002) and Yamamoto et al. (1978) . Fatty acid methyl esters (FAMEs) were dissolved in hexane for GC (Agilent 6890 plus GC system, Agilent, Palo Alto, CA, USA) analysis with a 25 m × 0.53 mm × 1.0 μm (fi lm thickness) capillary column ( Varian, Palo Alto, CA, USA). The initial column temperature was 100 °C for 2 min, then was raised at 10 °C min -1 to 180 °C, and 4 °C min -1 to 260 °C, and fi nally held at 260 °C for 12 min. A FAME standard mixture was ordered from Sigma. Methyl pentadecanoate was used as an internal standard.
GenBank accession numbers
The GenBank accession numbers of proteins described in this study are as follows:
Arabidopsis thaliana DGAT1 (NP179535), DGAT2 (NP_566952) and putative orthologues DGAT3 (AAK06873); Oryza sativa DGAT1 (AAU10815), DGAT2 
Results and Discussion
Cloning of a cDNA encoding DGAT1 from Helianthus annuus L.
By RT-PCR amplifi cation with degenerate primers, using total RNA isolated from developing seeds as a template, a DNA fragment of about 920 bp was amplifi ed showing sequence similarity to plant DGAT1s. 3'-and 5'-RACE, using genespecifi c primers, yielded a full-length cDNA, named HaDGAT1. Sequence analysis indicated that HaDGAT1 is 1936 bp in length with a 167-bp 5'-leader sequence and 245-bp 3'-untranslated regions (GenBank accession No. HM015632). The cDNA contains an ORF of 1524 bp encoding a protein of 507 amino acids. The predicted molecular mass and calculated isoelectric points are 58.5 kDa and 9.17 (Protparam: http://www.expasy. ch). The deduced amino acid sequence of HaD-GAT1 shows high identity to DGAT1 of higher plants such as Vernonia galamensis (80%), Olea europaea (69%), Jatropha curcas (69%), Vernicia fordii (68%), Ricinus communis (66%). Comparision with the deduced amino acids sequence of different plant DGAT1s showed that the C-terminal regions are much more conserved than the Nterminal regions among known plants DGAT1s (Fig. 1) . Phylogenetic tree analysis of HaDGAT1 against the three families of plant DGATs (membrane-bound DGAT1 and DGAT2, and cytosolic DGAT3) showed that HaDGAT1 is most closest to the DGAT1 family (Fig. 2) .
Identifi cation of putative functional motifs in HaDGAT1
In plants, DGAT1 has been found localized at the membrane of endoplasmic reticulum (ER) (Shockey et al., 2006) where the Kennedy pathway mainly occurs. A Kyte and Doolittle hydrophobicity plot analysis (Kyte and Doolittle, 1982) suggested that HaDGAT1 contains a large hydrophilic domain of about 110 amino acids at the N-terminus to lie on the cytoplasmic side of the membrane, followed by a long hydrophobic stretch at the C-terminus (about 385 residues) (Fig. 3) . Using a program of transmembrane alpha-helices predictor software (Localizome, http://localodom. kobic.re.kr/LocaloDom/index.htm), nine potential transmembrane domains (from amino acid resides 109 to 492) are strongly predicted (Fig. 3) , which are likely to anchor protein at the ER membrane. The highest similarity of plant DGAT1s are the multiply transmembrane domains in the C-terminal conserved regions, consistent with an integral membrane enzymes.
Using the Prosite database (http://npsa-pbil. ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/ npsa_proscan.html), a number of putative functional motifs including N-glycosylation, cAMPand cGMP-dependent protein kinase phosphorylation, protein kinase C phosphorylation, casein kinase II phosphorylation, and N-myristoylation sites as well as leucine zipper pattern were found.
However, whether these sites are important in the regulation of the functions of the enzyme in vivo remains unknown.
Analysis using the pfam programme, an MBOAT (membrane-bound O-acyltransferase) domain (amino acid resides 220 to 495 of HaDGAT1) was found which is possibly involved in acyltransfer (Hofmann, 2000) .
A putative acyl-CoA binding motif ( 94 RIKE-SPLSSDAIFKQSHAG 112 ) was found in the HaD- GAT1 protein (Fig. 1) . These amino acids may be involved in acyl-CoA binding, and the homology sequence was also found in Arabidopsis thaliana (Jako et al., 2001) , Brassica napus (Nykiforuk et al., 2002) , and Euonymus alatus (Milcamps et al., 2005) .
A putative diacylglycerol-binding motif (HKW-X-X-RH-X-Y-X-P), observed to be unique amongst the DGATs while absent in the ACATs (Oelkers et al., 1998) , was also found in HaD-GAT1 amino acids sequence ( 399 HKWIVRH-LYFP 409 ) (Fig. 1) , and the similarity sequence was also found in Arabidopsis thaliana (Zou et al., 1999) and Brassica napus (Nykiforuk et al., 2002) . (Lee et al., 2006) . Another motif was detected in the presence of the putative C-terminal ER retrieval motifs in HaDGAT1 (-YYHDV-) (Fig. 1) , and it was also found in other plant DGAT1 s (Arabidopsis and Castor, -YYHDL-; tobacco, -YYHDV-). These putative ER retrieval motifs (-Ф-X-X-K/R/D/E-Ф-COOH, where Ф is any large hydrophobic amino acid residue) are positioned at the extreme C-termini and very likely serve as general ER localization signals (McCartney et al., 2004) .
Expression of HaDGAT1 mRNA in different tissues
To further investigate the potential role of HaDGAT1 in TAG biosynthesis, a semi-quantitative RT-PCR method was used to monitor the gene expression pattern of HaDGAT1. An equal amount of total RNA from young root, stem, young leaf, fl ower, and developing seeds at different developmental stages (early, middle, and old stage) was used. The sunfl ower 18S rRNA, a housekeeping gene, was used as an internal control. The results from sunfl ower 18S rRNA (Fig. 4) suggested that the effi ciencies of RT-PCR among samples are uniform in this system. The results showed that HaDGAT1 was transcriptionally active in all tested tissues (Fig. 4) . This generalized expression level was also found for DGAT1 genes of other plants such as Arabidopsis (Hobbs et al., 1999) , Echium (Mañas-Fernández et al., 2009) , and soybean (Wang et al., 2006) . However, the transcript levels are relatively high in developing seeds, while lower in roots and fl owers. TAG synthesis mainly occurs in seeds, although fatty acid synthesis also occurs in other plant tissues. The tissue and temporal expression pattern of HaDGAT1 suggests that HaDGAT1 is important for TAG synthesis in sunfl ower seeds.
Functional expression of HaDGAT1 in yeast
In order to analyse the function of the HaDGAT1 gene, the cDNA was cloned into the yeast vector pYES2.0 and transformed into the yeast Saccharomyces cerevisia, strain INVSc1. As control, the yeast was also transformed with the empty pYES2.0 vector. Cells were cultured overnight in a medium containing 1% raffi nose, then were induced by the addition of 2% galactose to overexpress the HaDGAT1 protein. Growth of the cultures was continued for 48 h, until aliquots were removed for the analysis of fatty acids content by gas chromatography-mass spectrometry (GC-MS). GC-MS analyses of the fatty acid methyl esters of empty vector and HaDGAT1-transformed yeast are shown in Fig. 5 . The fatty acid composition of yeast is predominantly a mixture of palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), and oleic acid (C18:1). The HaDGAT1 gene provided an 1.76-fold increase in total fatty acids, with increases in palmitic acid (enhanced by 37.8%), palmitoleic acid (enhanced by 86.6%), stearic acid (enhanced by 34.2%), and oleic acid (enhanced by 81.6%), relative to the empty vector control, respectively. Most or all of the increase in fatty acids content can be ascribed to the increase in TAG content. Compared with the empty vector control, the percentage of saturated fatty acids among total fatty acids in the HaDGAT1-transformed yeast line (C16:0 and C18:0) was decreased, while the percentage of undersaturated fatty acids (C16:1 and C18:1) was increased (Fig. 6) . These results indicate that HaDGAT1 encodes a protein with TAG biosynthetic activity.
An important role for DGAT in TAG biosynthesis has been established by cloning DGAT genes from different species. However, the gene for DGAT in sunfl ower has never been cloned. Here we identifi ed a cDNA encoding a protein that shares high sequence similarity with the plant DGAT1 gene family. Expression of HaDGAT1 in wild-type yeast resulted in a distinct increase of total fatty acid content. The present study provides fundamental information for future studies of the regulatory mechanism of TAG synthesis in plants. 
